Background: Mycobacterium xenopi is a common agent of non-tuberculous mycobacterial lung diseases in Europe. However, an optimal treatment regimen for M. xenopi infection has not yet been established. Appropriate in vitro and in vivo model systems are needed for characterization of the activity of potential drugs and drug combinations against M. xenopi.
Introduction
Mycobacterium xenopi is a leading cause of non-tuberculous mycobacterial (NTM) lung disease in Europe, second only to the Mycobacterium avium complex (MAC), and is largely associated with underlying obstructive lung disease. 1 -4 Prognosis of patients infected with M. xenopi is poor, with mortality ranging from 51% to 69% within 5 years of diagnosis. 1, 2, 5 In addition to the comorbid pulmonary conditions of most M. xenopi-infected individuals, the lack of defined, effective treatment regimens for these patients contributes to this high mortality rate.
The treatment of NTM diseases is notoriously difficult, as most of the standard drugs used to treat tuberculous mycobacterial infections are ineffective against NTM species. In the early 1990s, it was reported that the macrolide clarithromycin was effective against MAC infections in AIDS patients. 6 However, this study and others have indicated that clarithromycin, like most other mycobacterial drugs, should be administered in a combination regimen to prevent the emergence of drug-resistant bacilli. 7, 8 Since this breakthrough finding, clarithromycin has been demonstrated to be effective against a number of NTM species, and has become one of the cornerstone drugs in the treatment of NTM diseases. 4, 9 In addition, clarithromycin has been demonstrated to work synergistically with drugs, such as those used for tuberculosis (TB) treatment, that alone are not effective against NTM diseases. 10 -12 However, the optimal combination regimen for many NTM infections, including M. xenopi, has yet to be established.
The current treatment guidelines for M. xenopi pulmonary infection only suggest that a combination of clarithromycin, rifampicin and ethambutol should be administered for at least 12 months, and that a quinolone, preferably moxifloxacin, could be substituted for one of the recommended drugs. 4 These guidelines are based on a small number of reports, none of which clearly identified an optimal treatment strategy. The lack of validated chemotherapy model systems for M. xenopi infection has hindered the development and optimization of drug regimens effective against this organism. Only two studies have examined the effect of therapy in M. xenopi-infected mice. 13, 14 In both of these studies, the mice were infected by intravenous injection, thus not mimicking the natural aerosol route of infection, and the drug regimens tested did not reflect what is commonly utilized in human patients.
Our objective was to utilize and develop in vitro and in vivo model systems, respectively, for the analysis of drugs and drug combinations for the treatment of M. xenopi infection, and in this communication we describe a series of experiments designed to achieve this goal. First, we examined the anti-M. xenopi activity of key two-drug combinations in vitro to systematically characterize any additive or synergistic effects between the drugs, as has been reported for other NTM diseases. 10 -12 Second, we evaluated the bacteriostatic and bactericidal activity of clinically relevant drug combinations ex vivo in the serum of treated mice. Third, we analysed the growth of M. xenopi following aerosol infection in four different strains of mice: the immunecompetent BALB/c and C57BL/6 mice and the immunecompromised beige (C57Bl/6J bg j /bg j ) and nude (nu/nu athymic) mice. Beige mice are defective in natural killer cell production and have been demonstrated to be more susceptible to MAC infection than immune-competent mouse strains, 15, 16 and the nude mouse, lacking a thymus, cannot generate mature T lymphocytes and thus represents an AIDS-like immune-deficient host. Finally, having found nude mice to be the most susceptible to M. xenopi aerosol infection, we then utilized this model to study the effectiveness of clinically relevant drug combination regimens in vivo.
Materials and methods

Bacterial culture
M. xenopi strain ATCC 19971 was passaged in mice, frozen in 1 mL aliquots and stored at 2808C before use, according to our standard procedures. This method is known to maintain the virulence of M. avium. 17 For each experiment, an aliquot was thawed and subcultured at 428C in Middlebrook 7H9 broth (Difco, Detroit, MI, USA) supplemented with 10% oleic acid-albumin-dextrose-catalase [OADC (Difco)] and 0.05% Tween 80 (Sigma, St Louis, MO, USA). M. xenopi cultures were allowed to grow for 4 weeks before being utilized for an experiment or infection.
Animals
All animal experiments were performed with 6-week-old female mice. Swiss, BALB/c and nude mice were purchased from Charles River (Wilmington, MA, USA) and beige mice were purchased from Jackson Laboratories (Bar Harbor, ME, USA). All reported research was approved by the Johns Hopkins University Animal Care and Use Committee (ACUC), protocol number MO09M404. Animals were cared for in accordance with the ACUC guidelines of Johns Hopkins University.
Antimicrobials
Moxifloxacin, rifampicin, rifapentine, amikacin, ethambutol and isoniazid were purchased from Sigma. Clarithromycin was donated by Abbott Laboratories (Abbott Park, IL, USA) and linezolid was donated by Pfizer (Groton, CT, USA). Stock solutions of moxifloxacin, rifampicin, rifapentine, amikacin, ethambutol and isoniazid were prepared by dissolving the drugs in sterile water. Stock solutions of clarithromycin and linezolid were prepared by first dissolving the drugs in DMSO and subsequently diluting in sterile water. All stock solutions were stored at 48C for up to 1 week.
MIC assays
For MIC determination on solid media, drugs were incorporated into 7H11 agar (Difco) supplemented with 10% OADC to obtain 2-fold concentration dilutions (in mg/L) of 0.06 -4 for moxifloxacin, 0.25-16 for rifampicin, 0.06 -4 for rifapentine, 2 -32 for amikacin, 1 -32 for ethambutol, 0.25 -2 for isoniazid, 0.03-4 for clarithromycin and 0.5-8 for linezolid.
As acidic pH has a negative impact on the in vitro potency of macrolides and aminoglycosides, 18, 19 clarithromycin and amikacin were also incorporated into Mueller-Hinton agar (pH 7.3; Difco) supplemented with 10% OADC, in addition to 7H11 agar (pH 6.6). For inoculation, the turbidity of the M. xenopi culture was adjusted with sterile PBS to an optical density at 600 nm (OD 600 ) of 1.0. Then, 0.5 mL of 10 23 and 10 24 culture dilutions was inoculated onto control and drug-containing plates. The plates were incubated for 28 days at 428C. The MIC was defined as the lowest drug concentration that inhibited ≥99% of the cfu count compared with the cfu count on drug-free control medium. Each MIC test was performed in duplicate.
For MIC determination in liquid media, serial 2-fold dilutions of each drug at the same range of concentrations used for the MIC assays on solid media were prepared in 2.5 mL of 7H9 broth supplemented with 10% OADC but without Tween 80. Drug-free and drug-containing broth aliquots were then inoculated with 0.1 mL of the same broth culture that was used to determine MICs on 7H11 agar. After 14 days of incubation at 428C, when growth was visible in drug-free control cultures, the MIC was defined as the lowest drug concentration that completely inhibited bacterial growth as determined by the naked eye. Each MIC test was performed in duplicate.
MBC assay
For each drug, the liquid media in the MIC culture tubes that did not exhibit any visible bacterial growth (i.e. the broth vials containing drug at the MIC and higher concentrations) were plated on 7H11 agar (supplemented with 10% OADC) plates for cfu counts. The MBC was defined as the lowest concentration of drug that killed ≥99% of the cfu compared with the cfu count of the initial inoculum used for the MIC assays.
Fractional inhibitory coefficient index (FICI)
The combination activities of moxifloxacin/ethambutol, rifampicin/ethambutol, rifapentine/ethambutol and moxifloxacin/clarithromycin against M. xenopi were studied by the chequerboard titration technique 20 in 7H9 broth supplemented with 10% OADC but without Tween 80. Serial 2-fold dilutions of each drug, ranging from 0.25 to 4.0×MIC, were prepared. Each drug-free and drug-containing sample of 2.5 mL 7H9 broth was inoculated with 0.1 mL of M. xenopi culture suspension at an OD 600 of 1.0. The inoculated samples were incubated for 14 days, and the MIC for each drug combination was defined as the lowest concentration that completely inhibited bacterial growth as determined by the naked eye. These results were used to calculate the FICI as follows: FICI¼ (MIC drug A in combination /MIC drug A alone )+(MIC drug B in combination /MIC drug B alone ).
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According to the official recommendations, combinations were considered synergistic if the FICI was ≤0.5, additive when the FICI was .0.5 but ,4.0, and antagonistic when the FICI was ≥4.0.
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To determine the fractional bactericidal concentration index (FBCI), the MBC of drug combinations was calculated by determining cfu counts (on 7H11 agar with 10% OADC) from the broth vials with no visible growth. MBC values were used to calculate the FBCI in the same way as the FICI was calculated, and the results were interpreted according to the definitions of synergism, indifference and antagonism as for the FICI.
Ex vivo study: serum inhibitory titre (SIT) and serum bactericidal titre (SBT) Sixty 6-week-old female outbred Swiss mice were randomized in four subgroups of 15 mice, and each group received a single dose of the following drug combinations: clarithromycin/ethambutol/rifampicin, clarithromycin/ethambutol/rifampicin/amikacin, moxifloxacin/ethambutol/ rifampicin or moxifloxacin/ethambutol/rifampicin/amikacin. Drug doses were as follows: 10 mg/kg for rifampicin and 100 mg/kg for clarithromycin, moxifloxacin, amikacin and ethambutol. Solutions of rifampicin, clarithromycin and moxifloxacin were prepared in sterile 0.05% agarose solution, and amikacin and ethambutol were prepared in sterile normal saline. All drugs were administered in a volume of 0.2 mL by oesophageal cannula, except amikacin, which was administered subcutaneously. Rifampicin was given 1 h before the other drugs to avoid adverse pharmacokinetic interactions. Two hours after rifampicin dosing (which was 1 h after administration of the other drugs), mice were anaesthetized with isoflurane and exsanguinated by cardiac puncture. Blood was collected in sterile microcentrifuge tubes, rested for 30 min at room temperature and centrifuged for serum separation. Serum samples within each mouse treatment group were pooled, and 2.5 mL was combined with 2.5 mL of 7H9 broth (supplemented with 10% OADC but without Tween 80) to obtain the 1/2 dilution. The 1/2 dilution was then serially diluted to obtain 1/4, 1/8, 1/16 and 1/32 serum dilutions. All diluted serum samples and controls (prepared with plain mouse serum at 1/2 dilution) were inoculated with 0.1 mL of the same mycobacterial suspension at an OD 600 of 1.0 and were used to determine MIC and MBC as described above. The SIT was defined as the highest dilution of the serum that prevented visible growth, and the SBT was defined as the highest dilution of the serum that induced a 99% reduction of the inoculum cfu count.
Mouse model development
From each mouse strain (BALB/c, C57BL/6, nude and beige), 30 females aged 6 weeks (120 mice in total) were simultaneously aerosol-infected with 7H9 broth containing 9.48 log 10 cfu/mL of M. xenopi using the Inhalation Exposure System (Glas-Col Inc., Terre Haute, IN, USA). Each mouse was weighed weekly from the day after infection until the day of sacrifice. Three animals from each group were sacrificed on day 1 to establish the baseline values of spleen weight and organ cfu counts. To assess if any of the four mouse strains could be used as a chemotherapy model for M. xenopi, we initiated clarithromycin treatment for 10 mice from each strain group, starting 28 days post-infection. Oral therapy with clarithromycin (100 mg/kg in 0.2 mL) was administered 5 days a week by oesophageal cannula (gavage).
Three of the untreated mice in each group were sacrificed at weeks 1, 2, 3, 4, 8, 12 and 23 post-infection, and three mice in each of the clarithromycin-treated groups were sacrificed at 1 and 2 months posttreatment initiation. Lungs and spleen were examined for gross lesions. For each mouse (treated and untreated), one lung was fixed in formalin for histopathology analyses. The remaining lung and the spleen were homogenized in 1 mL sterile PBS using glass homogenizers. Undiluted specimen homogenates were plated on selective 7H11 agar [containing 50 mg/L cycloheximide, 50 mg/L carbenicillin, 200 U/mL polymyxin B and 20 mg/L trimethoprim (Difco)]. Serial dilutions of homogenates were plated in duplicate on selective 7H11 for cfu enumeration. For homogenates from clarithromycin-treated mice, the selection of clarithromycinresistant mutants during treatment was directly assessed by plating lung suspensions on selective 7H11 agar also containing 8 mg/L clarithromycin, which is a concentration equal to 4 × MIC for M. xenopi.
Combination therapy in nude mice
One-hundred-and-twenty 6-week-old female nude mice (n¼120) were simultaneously aerosol-infected using 7H9 broth containing 9.44 log 10 cfu/mL M. xenopi using the Inhalation Exposure System. The mice were randomized into six subgroups, and 28 days post-infection treatment was initiated with one of the following drug combinations: clarithromycin/ ethambutol/rifampicin (20 mice), clarithromycin/ethambutol/rifampicin/ amikacin (20 mice), moxifloxacin/ethambutol/rifampicin (20 mice), moxifloxacin/ethambutol/rifampicin/amikacin (20 mice) and clarithromycin/ moxifloxacin (10 mice); 30 mice received no treatment. Drug doses were 10 mg/kg for rifampicin and 100 mg/kg for clarithromycin, moxifloxacin, amikacin and ethambutol. All drug solutions were prepared as described above for the ex vivo SIT/SBT experiments. All drugs were administered in a total volume of 0.2 mL by oesophageal cannula, except amikacin, which was administered subcutaneously. Rifampicin was given 1 h before other drugs to avoid adverse pharmacokinetic interactions. 22 Five animals from the untreated group were sacrificed on day 227 (day 1 post-infection) to establish the baseline values of lung cfu, and on day 0 (just prior to starting treatment). At weeks 2, 4, 8 and 12 post-treatment, five animals from each group (untreated mice, rifampicin/ethambutol/clarithromycin, rifampicin/ethambutol/moxifloxacin, rifampicin/ethambutol/clarithromycin/amikacin and rifampicin/ethambutol/moxifloxacin/amikacin) were sacrificed, and five mice from the moxifloxacin/clarithromycin group were sacrificed at weeks 4 and 12. Lungs were homogenized and plated for cfu enumeration as described above.
Results
Single-drug MIC and MBC values
The MICs of rifampicin, rifapentine, clarithromycin, moxifloxacin, ethambutol, amikacin, linezolid and isoniazid for M. xenopi and the associated MBC values are presented in Table 1 . Except for amikacin, the MIC values measured in broth were at least one dilution above the values measured on solid media. The MIC values M. xenopi: drug susceptibility and mouse models for the most commonly recommended drugs for M. xenopi treatment, namely clarithromycin, rifampicin, ethambutol and amikacin, were close to or higher than the peak serum concentrations obtained at the standard doses in humans. 23 -29 The MIC values for both clarithromycin and amikacin analysed on MuellerHinton agar (pH 7.3) were one dilution lower than on 7H11 agar (pH 6.6): 0.5 mg/L for clarithromycin and 4 mg/L for amikacin. For those drugs for which the MBC was determined, rifampicin and ethambutol had MBCs that were above the human peak serum concentrations, while the MBC of moxifloxacin was near the peak serum concentration, thus indicating that none of these drugs alone was bactericidal for M. xenopi.
FICI and FBCI for two-drug combinations
The chequerboard analysis of two-drug combinations demonstrated that all tested combinations (rifampicin/ethambutol, rifapentine/ethambutol, moxifloxacin/ethambutol and moxifloxacin/ clarithromycin) were synergistic for bacteriostatic and bactericidal activities against M. xenopi ( Table 2 ). The MIC of rifampicin alone was .16 mg/L, whereas the MIC of rifampicin combined with ethambutol was 2 mg/L; the MIC of clarithromycin alone was .4 mg/L, whereas the MIC of clarithromycin combined with moxifloxacin was 0.5 mg/L; and the MIC of moxifloxacin alone was 2 mg/L, whereas the MIC of moxifloxacin combined with ethambutol was 0.5 mg/L. Notably, no antagonism was observed between clarithromycin and moxifloxacin.
Ex vivo SIT and SBT for multidrug combinations
The serum bacteriostatic and bactericidal activities of clinically relevant drug combinations (i.e. those combinations often administered to humans infected with M. xenopi) were determined after drug administration in outbred Swiss mice. This mouse strain was used to recapitulate drug metabolism differences in outbred (human) hosts. The most active drug combination in mouse sera was rifampicin/ethambutol/clarithromycin, which inhibited the growth of M. xenopi up to a serum dilution of 1/32 ( Table 3) .
Development of a disease and chemotherapy mouse model for M. xenopi infection
Characterization of M. xenopi infection in different mouse strains
Following aerosol infection of the immune-competent mouse strains, BALB/c and C57BL/6, the lung cfu of M. xenopi increased steadily for 4 weeks, at which point the bacterial load plateaued at around 6.5 log 10 cfu/lung (Table 4) . Aerosol infection of the immune-deficient nude and beige mice resulted in a continual increase in lung cfu until the end of the experiment at week 23, with the nude mice being the most susceptible to M. xenopi (.8 log 10 cfu/lung at week 23). In all strains of mice, M. xenopi disseminated to the spleen, and by 12 weeks post-infection the bacterial burdens in the spleens were 4.14, 5.43, 6.07 and 6.83 log 10 cfu in BALB/C, C57BL/6, beige and nude mice, respectively (Table 5) .
During the entire 23-week course of M. xenopi infection, none of the mice in any group appeared sick, and none died. The body and spleen weights in all groups steadily increased, even those of nude mice. The ratio of spleen weight-to-body weight remained rather constant, in the range of 0.50% -0.75% in all untreated mice. All of the untreated mice exhibited gross lung lesions, and these lesions were more diffuse in the nude mice. Acid-fast bacilli (AFB) were visible in lung sections of all four mouse strains ( Figure 1) . However, the lung sections from the infected nude mice exhibited clumps of AFB that were not visible in the other mouse strains.
Impact of clarithromycin treatment
Administration of clarithromycin was initiated at 4 weeks postinfection, and within 1 month the bacterial burden was significantly reduced by 1.5 -2 log 10 cfu/lung in all four strains of mice (Table 4) . However, no additional fall in cfu was observed after an additional month of clarithromycin treatment. No clarithromycin-resistant M. xenopi were selected from any of the mice during this experiment. All of the treated mice exhibited a reduction in gross lesions compared with their untreated counterparts. This reduction was especially marked in the nude mice, whose treated lungs appeared almost free of lesions. In all treated mice, AFB were not visible in lung sections (data not shown).
Multidrug combination therapy in M. xenopi-infected nude mice
Our data indicated that the nude mouse was highly susceptible to M. xenopi aerosol infection, and the impact of treatment on Table 2 . MIC and MBC values (mg/L) and the associated FICI and FBCI of two-drug combinations for M. xenopi Andréjak et al.
the lung infection could be clearly monitored in this strain. Thus, we utilized the nude mouse aerosol infection model to analyse clinically relevant multidrug combination therapy regimens for treatment of M. xenopi infection. One-hundred-and-twenty female nude mice were simultaneously aerosol-infected with M. xenopi at a dose of 5.17 log 10 cfu/lung (determined the day after infection). The mice were randomized into six treatment groups (no treatment, clarithromycin/ethambutol/rifampicin, clarithromycin/ethambutol/rifampicin/amikacin, moxifloxacin/ ethambutol/rifampicin, moxifloxacin/ethambutol/rifampicin/ amikacin and clarithromycin/moxifloxacin) and treatment was initiated 4 weeks post-infection, when the lung bacterial load had reached 6.63 log 10 cfu. The impact of the different treatment regimens on M. xenopi in the mouse lungs is presented in Table 6 . The most efficacious regimens were the two containing amikacin, while the moxifloxacin/clarithromycin two-drug regimen was less effective at killing M. xenopi.
Discussion
Although M. xenopi infection is a common cause of NTM lung disease in Europe, an optimal treatment strategy has not been UT, untreated; CLR, clarithromycin 100 mg/kg/day, 5 days a week from week 4 to week 12.
Nude Beige C57BL/6 BALB/c M. xenopi: drug susceptibility and mouse models defined. Our objective was to characterize the bacteriostatic and bactericidal activities of commonly used anti-mycobacterial drugs alone and in combination against M. xenopi and to develop a mouse model of M. xenopi infection and chemotherapy. Our data confirm the already well-established natural resistance of M. xenopi to most of the indicated antibiotics, whereby the MIC and MBC values were equal to or greater than the C max achievable during treatment in humans, when utilized alone. However, different drug combinations demonstrated synergistic, bactericidal activities against M. xenopi in vitro. We added an ex vivo study to validate the choice of our antibiotic combinations. After evaluation of four different strains of mice (BALB/c, C57BL/6, beige and nude), nude mice appear highly susceptible to M. xenopi aerosol infection and the impact of antibiotic regimens might be assessed in the nude mouse model. Thus, our findings represent a significant contribution to the study of M. xenopi chemotherapy. Our work also highlights the influence of experimental conditions on MIC determination, as illustrated by the discrepant MIC values obtained for the rifamycins and clarithromycin on agar or broth media. The MIC of clarithromycin was further affected by the pH of the solid media, with the MIC value being lower on Mueller -Hinton agar than on the more acidic 7H11 agar, confirming previous findings. 19 In addition, M. xenopi exhibits dysgonic growth in vitro. Consequently, results from in vitro assays could reflect an artefact of the dysgonic growth and not be predictive of a clinical response.
The mechanism by which drug combinations including ethambutol exhibit synergy remains mysterious. It has been demonstrated that ethambutol inhibits arabinogalactan synthesis in Mycobacterium smegmatis, thus disrupting the cell wall. 30 Thus, it is possible that subinhibitory concentrations of ethambutol induce M. xenopi cell wall damage that allows increasing bactericidal activity of combined regimens. It is also possible that the cell wall damage permits or enhances penetration of other antibiotics into the mycobacterial cell. 11 Unfortunately, the usual lack of correlation between in vitro and in vivo data for drug combination activities against NTM lung diseases precludes excessively optimistic expectations. 31, 32 To our knowledge, we report here the first comparison study of different mouse models of M. xenopi infection, and also the first study of M. xenopi aerosol infection in mice; two previous studies utilized an intravenous route of infection. 13, 14 Our study indicates that nude mice (congenital athymic nu/nu mice) are more susceptible to M. xenopi aerosol infection than the immune-competent BALB/c and C57BL/6 mouse strains, as well as the immune-compromised beige mice. Importantly, the impact of clarithromycin treatment could clearly be demonstrated in the M. xenopi-infected nude mice, thus suggesting that this model can be utilized for chemotherapy studies.
Contrary to the mouse model of TB, in which untreated mice infected by aerosol with .3.5 log 10 cfu of M. tuberculosis die 4 -6 weeks after infection, none of the mice infected by aerosol with .4.5 log 10 cfu of M. xenopi died by 23 weeks post-infection, despite impressive gross lung pathology. These findings reflect the low intrinsic virulence of M. xenopi, which is an opportunistic pathogen in patients made vulnerable by underlying disease.
We used the nude mouse model to test the in vivo effect of different antibiotic combinations on M. xenopi infection. Despite the relatively low SIT and SBT values in our ex vivo studies (Table 3) , amikacin-containing regimens were the most efficacious against M. xenopi in the nude mice. While the clarithromycin and moxifloxacin combination had the lowest MIC values in vitro, this drug pairing was not the most active in vivo. However, no antagonism was observed between clarithromycin and moxifloxacin in the mice. In this model system, clarithromycin and moxifloxacin exhibited the same activity when combined with rifampicin/ethambutol or rifampicin/ethambutol/amikacin. The moxifloxacin/clarithromycin regimen presented at least the same activity as the combination of moxifloxacin, rifampicin and ethambutol.
In conclusion, clarithromycin and moxifloxacin had the lowest MIC values in vitro, and all tested drug combinations exhibited synergism against M. xenopi, with amikacin-containing regimens having the greatest synergistic activities. The ethambutol/rifampicin combination with clarithromycin or moxifloxacin had significant bactericidal activity against M. xenopi. The nude mouse, being highly susceptible to M. xenopi, can be utilized for in vivo chemotherapy studies for this infection. In this model, amikacincontaining regimens were the most effective, and no differences were observed between clarithromycin-or moxifloxacincontaining regimens in vivo. This observation should be examined in humans, comparing clarithromycin or moxifloxacin with ethambutol and rifampicin. 
